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Abstract: Guided wave detection using different fiber optic sensors and their applications 
in damage detection for composite laminates were systematically investigated and 
compared in this paper. Two types of fiber optic sensors, namely fiber Bragg gratings 
(FBG) and Doppler effect-based fiber optic (FOD) sensors, were addressed and guided 
wave detection systems were constructed for both types. Guided waves generated by a 
piezoelectric transducer were propagated through a quasi-isotropic carbon fiber reinforced 
plastic (CFRP) laminate and acquired by these fiber optic sensors. Characteristics of these 
fiber optic sensors in ultrasonic guided wave detection were systematically compared. 
Results demonstrated that both the FBG and FOD sensors can be applied in guided wave 
and damage detection for the CFRP laminates. The signal-to-noise ratio (SNR) of guided 
wave signal captured by an FOD sensor is relatively high in comparison with that of the 
FBG sensor because of their different physical principles in ultrasonic detection. Further, 
the FOD sensor is sensitive to the damage-induced fundamental shear horizontal (SHo) 
guided wave that, however, cannot be detected by using the FBG sensor, because the FOD 
sensor is omnidirectional in ultrasound detection and, in contrast, the FBG sensor is 
severely direction dependent. 

Keywords: fiber Bragg grating; Doppler effect-based fiber optic sensor; guided wave; 
composite laminate; damage detection 
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1. Introduction 

Conventional ultrasonic inspection of large structures is very time-consuming because the 
transducer needs to be scanned over each point of the structure to be tested. The use of guided waves is 
potentially a very attractive solution to this problem since they can be excited at one point of the 
structure and can be propagated over considerable distances [1]. Over the last two decades, ultrasonic 
guided waves have demonstrated the potential for detecting many defects that occur in tube, pipe or 
plate structures that are not easily and efficiently detected by other means [2-4]. One major benefit of 
guided waves is in their rapid global inspection capability. In structural health monitoring (SHM) 
systems, sensing devices with high sensitivity and accuracy play pivotal roles since damage- 
contributed ultrasonic guided waves are usually indistinct. So far a number of transducers have been 
used to capture ultrasonic guided waves in structures. Piezoelectric (PZT) and fiber optic sensors are 
among the preferred sensors applied in ultrasound detection [5-10], although the electromagnetic 
interference of the PZT sensor sometimes limits its effectiveness in practical 
applications [11]. On the other hand, applications of fiber optic sensors are quickly being extended 
because of their flexibility, high strength, heat resistance, immunity to electromagnetic interference, 
durability and corrosive resistance [12]. Hence, fiber optic sensors are the most promising among all 
the currently developed sensors [5] for ultrasound detection purposes. 

Although optical interferometric sensors allow sensitive ultrasonic detection, the main drawback of 
this fiber optic sensor is that a phase control system is required to maintain the optimum sensitivity 
[13-15]. According to many recent studies, the major focus of interest among the fiber optic sensor 
community is the fiber Bragg grating (FBG) that has a series of parallel gratings printed onto the core 
of an optical fiber, and a narrow wavelength range of light is reflected from the sensors when a 
broadband light is illuminated [16-19]. Since the wavelength at the peak of the reflected signal is 
proportional to the grating period, the axial strain can be measured through the peak shift [5]. Further, 
the FBG sensor can be easily multiplexed. Therefore, a number of studies on ultrasonic detection using 
FBG have been reported in the literature [5,11,15-21]. FBG ultrasonic sensing systems can be 
classified into two types according to the light source employed. One is a system including a 
broadband light source and an optical filter [5,17]. An ultrasonic wave can be detected through an 
optical filter processing of the light reflected from FBG sensor. The other is a system has a tunable 
laser source in which the intensity of the light reflected from FBG sensor corresponds directly to the 
ultrasonic response [20,21]. On the other hand, in the authors' previous studies [12,22], a Doppler 
effect-based fiber optic (FOD) sensor was proposed, which was based on the Doppler effect of light 
wave transmission in optical fiber and functioned as a vibration/acoustic sensor. Moreover, compared 
with the FBG sensor, the particular advantages of FOD sensor are: (1) omnidirectional in ultrasonic 
direction, (2) multiple shapes (such as circular loop, U-shape, and elongated circular loop) that make 
its use possible in structures with complex geometries, and (3) low cost in manufacturing and 
constructing an SHM system. 

In this paper, two ultrasonic detection systems for the purpose of guided wave and damage 
detection are presented, which are based on the FBG and FOD sensors, respectively. The FOD sensor 
is introduced in damage detection for the first time in this study. Section 2 introduces the physical 
principles of the two types of fiber optic sensors in ultrasonic detection. A piezoelectric transducer was 
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bonded on the surface of a quasi-isotropic carbon fiber reinforced plastic (CFRP) laminate, functioning 
as actuator to excite Lamb guided waves propagating in the structure. Then in Section 3, by taking 
advantage of linear-phase finite impulse response (FIR) filter and Hilbert transform, features of guided 
wave signals are extracted to identify health status of the CFRP laminates by calibrating signal features 
of an intact CFRP laminate. Further, the extracted signal features were compared to systematically 
disclose the characteristics of the FBG and FOD sensors in guided wave and damage detection for 
CFRP laminates. Finally, some conclusions are present in Section 4. 

2. Guided Wave Detection Using Fiber optic Sensors 

2.1. Guided Wave Detection Using Fiber Bragg Gratings (FBGs) 

An FBG has periodical variation in the refractive index within the core of an optical fiber and acts 
as a narrowband reflection filter. The central wavelength of light reflected from an FBG is called the 
Bragg wavelength X B and is given by the following equation [11]: 

X B = 2nA (1) 

where n and A are the effective refractive index of the fiber core and the grating period, respectively. 
Under a constant temperature condition, the relative shift in the Bragg wavelength A1 B is in direct 
proportion to applied strain s along the fiber axis [11]. The shift in the Bragg wavelength is positive 
when the FBG expands. Conversely, the Bragg wavelength shifts to negative when the FBG shrinks. 

A tunable laser source was used in the present study for guided wave detection. As shown in Figure 
1, a PXI-6115 (National Instruments Co., USA) simultaneously functions as an incident wave 
generator and wave acquisition device. The generated incident wave was amplified by a Piezo- 
Amplifier (M-2643, MESS-TEK Co., Japan) and was emitted into the specimen by a PRYY-0929 PZT 
actuator (Physik Instrumente GmbH & Co. KG, Germany) to excite Lamb guided waves. FBG 
receives guided waves as the strain change of the laminate depending on time and, therefore, center the 
wavelength of the reflected light from the FBG changes. The wavelength shift is detected using the 
high speed optical wavelength interrogation system. Finally, the PXI-6115 acquires guided waves 
filtered by the filter FV-628B (NF Corporation, Japan). FBGs (Fujikura Ltd., Japan, gauge length: 
3 mm, wavelength: circa 1,550 nm, full width at half maximum (FWHM): circa 0.5 nm, and 
reflectivity: > 90%) were used in the present study. 

In the ultrasonic detection system with a tunable laser source, the intensity of the light reflected 
from FBG sensor directly corresponds to ultrasonic response of host structures. A schematic of the 
high-speed optical wavelength interrogation system, based on tunable laser source, is shown in Figure 
2(a). The laser emission wavelength of 'Tunable Laser' in Figure 2(a) (Agilent 8164A, Agilent 
Technologies, USA) is set to A out where the reflectivity of the sensor at strain free is reduced by half 
as shown in Figure 2(b). In this system the optical circulator, photodetector and the low noise amplifier 
are YC-1 100-155 (FDK Corp., Japan), PDA10CS (Thorlabs, USA), and SA-230F5 (NF Corp., Japan), 
respectively. When FBG expands, the Bragg wavelength shifts to a longer wavelength ['FBG-Shift'- 
marked curve in Figure 2(b)] and hence the reflectivity of FBG at the lasing wavelength decreases, and 
vice versa. In the experiments, gain of the photodetector and optical power of the laser source were 
4.75 x 10 3 V/A ± 2% (lOdB setting) and 2.375 mW, respectively. 
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Figure 1. Guided wave and damage detection system using piezoelectric actuator and 
FBG. 
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Figure 2. Sketch of the high-speed optical wavelength interrogation system in Figure 1 . (a) 
FBG-based ultrasonic detection system, (b) A schematic illustrating the variation in 
reflectivity at the lasing wavelength when the FBG sensor expands. 
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2.2. Guided Wave Detection Using FOD sensor 

The principle of the FOD sensor is based on the Doppler effect of light wave transmission in optical 
fiber. Consider the light wave, with frequency fo, transmission in an optical fiber with refractive index 
n and length L. When an accident, such as strain rate in host structure of the optical fiber, causes the 
length of the fiber to change from L to L + dL in an infinitesimal time dt, the Doppler frequency shift 
fo can be obtained by: 
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n dL 

where A 0 is the light wavelength in the vacuum, and A 0 /n is the light wavelength in the optical fiber. 

Figure 3. (a) Sketch of circular loop FOD sensor, (b) Sketch of spiral FOD sensor, (c) 
Picture of the spiral FOD sensor with outer diameter 21.2 mm. 

(a) (b) 
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In the previous studies [12,22], three kinds of FOD sensors with different shapes were proposed. 
The common shape of these FOD sensors is their circular part, as depicted in Figure 3(a), where points 
A and B denote the light source and observer, respectively. The theoretical Doppler frequency shift f D 

of the circular loop FOD sensor is obtained by [22]: 

nRn c 



<-eq 



2A n 



\£ x + EyJ 



(3) 



where i x and i y are the strain rates on x- and y- directions, respectively, R and D are the radius and 
diameter of the circular part of the FOD sensor, respectively, n eq is the equivalent refractive index of 
the waveguide andA 0 /n e(? is the equivalent length of light wave in the waveguide. The Doppler 
frequency shift fo (or sensitivity of FOD sensor) is directly proportional to the sensing length L = nD 
of the FOD sensor. In this study, a spiral shape was selected for the FOD sensor to make it easy to 
glue it on the surface of CFRP laminate for guided wave detection. A sketch and picture of the spiral 
FOD sensor are shown in Figures 3(b) and (c), respectively. Heat-resistant optical fiber HEATOP® 
(Totoku Electric Co., Ltd., Japan) was used to make the spiral FOD sensor in the present study. It is 
evident the spiral FOD sensor is omnidirectional in ultrasonic detection, which will be discussed in 
detail in Section 3. Moreover, the FOD sensor can be made manually using only optical fiber and 
therefore the cost of FOD sensor is considerably smaller than that of FBG. 
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A laser Doppler velocimeter (LDV) was used to detect the frequency shift of the FOD sensor, in 
which extension/compression of the optical fiber was measured. The Doppler frequency shift, f D , 
between reflected light from the fiber end and the reference plane, relates to the relative displacement 
rate (strain rate) v = dL/dt. During the detection process, frequency of the reflected laser beam 
changes from f 0 to f 0 + f D . The sensitivity depends on the length of the optical fiber bonded on the 
specimen however the other part of the optical fiber keeps stress free. Setup of the ultrasonic detection 
system using LDV and the spiral FOD sensor is schematically shown in Figure 4, in which the light 
source is He-Ne laser (output power: 1 mW, wavelength Ao: 632.8 nm) and heterodyne interference 
technique is applied to the measurement. An acoustooptical modulator (AOM) changes the frequency 
of the reference light source from f 0 to f 0 + f M (f M = QQMHz) in order to produce beating signals with 
frequency of f 0 + f M . A frequency-voltage converter in the detector is used to offer voltage output for 
direct ultrasonic acquisition, detailed in Figure 4. Outer diameter, D, and inner diameter, d, of the 
spiral FOD sensor used in this study are 21.2 mm and 8.0 mm, respectively. All the FOD sensors used 
in this study were made by the authors at the University of Tokyo, Japan [Figure 3(c)]. 



Figure 4. Setup of the laser Doppler velocimeter for the FOD sensor. 
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The spiral FOD-based ultrasonic detection system is the same as the FBG-based system except that 
the high-speed optical wavelength interrogation system in the FBG-based system is substituted by the 
laser Doppler velocimeter in Figure 4. Moreover, the filter in the FBG-based system (as shown in 
Figure 1) is necessary because the signal-to-noise ratio (SNR) of acquired guided wave signals using 
FBG are relatively low [11] and, in contrast, was taken out in the FOD-based ultrasonic detection 
system [22], which will be discussed in detail in Section 3. Therefore, the cost of the FOD-based 
system is smaller than that of the FBG-based system without the filter and, moreover, the tunable laser 
source. 



3. Guided Wave and Damage Detection in CFRP Laminates 

3.1. CFRP Laminates 



For illustration and without losing generality, quasi-isotropic CFRP laminates are used as host 
structures for fiber optic sensors-based guided wave and damage detection in the present study. The 
quasi-isotropic laminates were stacked in accordance with [45/0/-45/90]2 S using Pyrofil™ carbon fiber 
(TR30S, Mitsubishi Rayon Co., Ltd., Japan) with technical properties listed in Table 1. Laminates 
were fabricated with the dimension of L 500 mm x W 30mm x TH 1.92 mm. Two types of CFRP 
laminates were applied in the present study, which are intact and delaminated laminates. Sketch and 
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picture of the specimen are shown in Figures 5(a) and (b), respectively, with the locations of 
piezoelectric (PZT) actuator, fiber optic sensors and delaminations. In the experiments, the left and the 
right ends of the specimens were respectively fixed with length of circa 2 mm. For the delaminated 
CFRP laminates, single- and double-damage scenarios were introduced by inserting one and two thin 
Teflon® films between the 8 th and the 9 th laminas of the laminate, respectively. The two delaminations 
are named Dl and Dr, respectively. For the single-damage laminate, only the Dl exists. On the other 
hand, both the Dl and Dr are present in the CFRP laminate with two delaminations. To ensure that the 
guided wave signals are acquired under the same excitation circumstance for the same specimen, 
experiments for one specimen were done under three procedures: 1) acquiring guided wave signal 
using FOD sensor; 2) removing the FOD sensor from the specimen and bonding FBG sensor at the 
same position as the FOD sensor; 3) acquiring guided wave signal using the FBG sensor. 



Table 1. Technical parameters of the carbon fiber (TR30S). 



(a) Technical parameters of the carbon fiber (TR30S) 


Product 
name 


Ingredient 


Modulus [GPa] 


Possion's ratio [g/m] 


Density [g/m 3 ] 


TR30S 


Carbon fiber 


235 


0.2 


1770 


Epoxy resin 


3.23 


0.34 


1250 


(b) Elastic properties for individual lamina 


[GPa] 


[GPa] 


E33 
[GPa] 


G12 
[GPa] 


613 
[GPa] 


(t23 

[GPa] 


V12 


Vl3 


V23 


Density 
[g/mT 


140 


9.07 


9.07 


4.25 


4.25 


2.94 


0.258 


0.258 


0.39 


1560 




In the literature, reflected/transmitted waves were usually used for guided wave-based damage 
detection [23-25]. In the case of composite structures, delamination could only reflect very faint 
energy [26] or the reflection could only happen when delamination was introduced in certain plies of 
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the laminates [27]. For example, in the case of semi-infinite delaminated damage, the maximum 
reflected energy ratio of delamination was less than 0.012, which is relatively small and therefore 
complicates feature extraction and damage detection using the reflected wave because of noise and the 
inevitable dispersion. Moreover, when structure is damaged in at least two positions, the problem 
becomes decidedly more complex. So far relatively few researchers have addressed the multiple 
damage assessment for structures [28,29]. In the present study, transmitted guided wave is selected for 
the purpose of fiber optic sensors-based guided wave and damage detection. 



Figure 6. FBG-based results. Guided wave signals of the intact (a) and the single- 
delaminated (b) CFRP laminates. Waveforms (c) of filtered guided wave signals of the 
intact and the damaged CFRP laminates and their envelopes (d). 
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3.2.1. Damage Detection Using FBG-Based Guided Signals 



In the present study, a Hanning-windowed 5-cycle sinusoidal toneburst [23-25] at a central 
frequency of 300 kHz was used as incident signal and guided waves were acquired at sampling rate of 
4 MHz. Figures 6(a) and (b) depict the FBG-based guided wave signals captured from the intact CFRP 
laminate and single-delaminated laminate with the delamination length 50 mm, denoted as 'FBG- 
lntact' and 'FBG-D50-1', respectively. Compared with the guided wave signal of intact CFRP 
laminate, noise dominates the signal of the delaminated laminate, because the delamination depresses 
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the energy of the transmitted guided wave. Moreover, it is evident that it is impossible to identify the 
locus of each wave package in both Figures 6(a) and (b) because of the strong background noise and 
superposition of neighboring wave packages. Signal processing techniques are therefore required to 
offer concise features of the guided wave signals. Since the incident signal was a sinusoidal toneburst 
at a central frequency of 300 kHz, a bandpass filter was selected to depress the influence of noise and 
Hilbert transform [30-32] was applied to obtain the envelope of each guided wave signal. 

The signal processing algorithm in this study consists of three steps: (1) purifying signals by 
averaging a number of original guided wave signals; (2) filtering the averaged signal by using 
bandpass linear-phase finite impulse response (FIR) filter with the passband 100 kHz ~ 500 kHz; (3) 
performing Hilbert transform to the filtered signal to obtain its envelope for feature extraction and 
damage detection. Principles of FIR filter and Hilbert transform are detailed in References [33] and 
[30-32,34], respectively. Waveforms and envelopes of guided wave signals acquired from the intact 
and delaminated CFRP laminates are shown in Figures 6(c) and (d), respectively. To reduce the 
influence of multiple reflection-caused wave packages, only a section of each signal, from 140 u.s to 
240 (j,s, is addressed and depicted here. Signal section from 0 u.s to 140 us is noise section, the same as 
the section from 140 u.s to 160 us, since the transmitted waves did not arrive before around 160 u.s; and 
on the other hand, the signal section after 240 us has multiple reflection components. Guided wave 
signals captured from the intact CFRP laminate are used as benchmarks to calibrate the health status of 
other specimens. In the first step of the above-mentioned signal processing algorithm, the FBG-based 
guided wave signals were taken average of 60 original signals. 

In comparison with the filtered signals in Figure 6(c), it is evident that features of the guided wave 
signals are more clearly disclosed by taking advantage of Hilbert transform, as shown in Figure 6(d). 
The legends 'FBG-Intact', 'FBG-D50-1' and 'FBG-D50-2' in Figures 6(c) and (d) denote the FBG- 
based results of the intact, the single-50 mm-delaminated and the double-50 mm-delaminated CFRP 
laminates, respectively. 

Figure 7. Dispersion curves of the So and the A 0 Lamb waves for the quasi-isotropic 
CFRP laminate. 
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Envelopes of FBG-based guided wave signals of the intact and the damaged CFRP laminates are 
conducted, shown as in Figure 6(d), in which each crest denotes one wave package. To ignore the 
effect of multiple reflection-caused wave packages, only the first three peaks are considered, named 
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PI, P2 and P3, respectively. According to the literature, Lamb waves are a form of elastic perturbation 
that can propagate in a solid plate. There are two groups of waves, symmetric and asymmetric, that 
satisfy the wave equation and boundary conditions for this problem and each can propagate 
independently of the other [24,35]. The fundamental way to describe the propagation of Lamb waves 
in a particular material is their dispersion curves. The dispersion of these curves begins with the 
solution to the wave equation for the asymmetric Lamb wave [35]. By using the equivalent mechanics 
parameters of the quasi-isotropic CFRP laminate [36], the dispersion curves of current CFRP laminates 
were derived and shown in Figure 7. It is evident that only the fundamental symmetric (So) and the 
fundamental asymmetric (Ao) wave modes can be excited under the central incident frequency 300 
kHz and theoretical group velocities of the So and the A 0 modes are circa 5,880 m-s" 1 and 3,500 m-s , 
respectively. 

Considering the distance between the actuator and the fiber optic sensor 375 mm, and the arrival 
time of the PI in Figure 6(d), the estimated actual propagating velocity of the wave packages PI is 
circa 5,580 m-s" 1 . Therefore, the first wave packages PI are the transmitted So Lamb wave. However, it 
is evident that it is difficult to determine the arrival times of the second wave packages P2 because of 
the superposition between the wave packages PI and P2. Therefore, arrival times of peaks of P2 and 
incident signal were used as substitutes to calculate the actual group velocity of the wave packages P2, 
which is 3,880 m-s" 1 as the arrival time of the peak of the incident wave is 99 \is. Hence, the wave 
packages P2 can be thought the transmitted A 0 Lamb wave, and the wave packages P3 could be 
similarly determined, namely the right end-reflected So Lamb waves. 

According to the envelopes in Figure 6(d), all the transmitted So, A 0 and the right end-reflected So 
Lamb waves can be detected using FBG sensor. It is evident that amplitudes of both the transmitted So 
and Ao Lamb waves (PI and P2) decrease provided that delamination damages happen in the CFRP 
laminates. Further, comparing the curves of 'FBG-D50-1' and 'FBG-D50-2', the second delamination, 
D R in Figure 5(a), continually decreases the amplitude of the transmitted So. Therefore, those 
amplitude features of the FBG-based Lamb wave signals can be applied for the purpose of damage 
detection in the CFRP laminates. 

3.2.2. Damage Detection Using FOD-Based Guided Signals 

FOD-based original guided wave signals of intact and single-delaminated CFRP laminates are 
shown in Figures 8(a) and (b), respectively. In comparison with the FBG-based signals in Figures 6(a) 
and (b), it is clear that energy of noise in the FOD-based signals is considerably smaller. Further, 
delamination-induced amplitude reduction of the signal can be visibly identified from the original 
signal in Figure 8(b). To offer a better comprehension, the FOD-based guided wave signals were 
processed using the same signal processing algorithm as the FBG-based signals, in which the 
FOD-based guided wave signals were taken average of 10 (60 for FBG-based signals) original signals 
since the signal-to-noise ratios (SNRs) of the FOD-based signals are much larger than that of the FBG- 
based signals, as shown in Figures 6 and 8. Detail discussion about SNR will be present in Section 3.3. 
The results are shown in Figures 8(c) and (d). The legends 'FOD-Intact', 'FOD-D50-1' and 'FOD- 
D50-2' in Figure 8 denote the FOD-based results of the intact CFRP laminate, the laminate with single 
delamination and double delaminations, respectively. 
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Figure 8. FOD-based results. Guided wave signals of the intact (a) and the single- 
delaminated (b) CFRP laminates. Waveforms (c) of the filtered guided wave signals of the 
intact and the damaged CFRP laminates and their Envelopes (d). 
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Figure 9. Envelopes of the excitation wave and the guided wave signal captured from the 
intact CFRP laminate. 




160 200 
Time [|as] 



240 



Sensors 2009, 9 



4016 



Envelopes of the excitation wave and the FOD-based guided wave signal acquired from the intact 
specimen are shown in Figure 9. Arrival times of the excitation signal and the peak of the excitation 
signal are 90 jj,s and 99 [is, respectively. As mentioned before, the group velocity of the wave packages 
P2 can be estimated using the arrival times of the peaks of the excitation wave and P2 because 
superposition of wave packages PI and P2 makes it impossible to determine the exact arrival time of 
P2. It is noteworthy that precision of localizing a Lamb wave package using its peak is relatively low 
in comparison with that of using its arrival time because of the intrinsic dispersion of Lamb guided 
waves. As shown in Figure 9, the interval between the arrival time and the peak of the So mode 
becomes 28.5 [is in comparison with 9 [is of the excitation wave. 

For the FOD-based signals, same processes as the FBG-based processes were performed, and actual 
group velocities of the wave packages PI and P2 are 5,760 m-s" 1 and 3,700 m-s" 1 , respectively, 
illustrating that the wave packages PI and P2 in Figure 8(d) for both the intact and delaminated CFRP 
laminates are the transmitted So and A 0 Lamb waves, respectively. The dash-dot-circled wave 
packages P3 are the right end-reflected So Lamb waves. Moreover, similar to the FBG-based results, 
the delaminations result in reduction in the amplitude of the transmitted So and Ao Lamb waves and the 
second delamination could further decrease the amplitude of the transmitted S 0 Lamb waves, as shown 
in Figure 8(d). 

3.2.3. Multiple Damage Detection Using FOD-Based Guided Signals 

Moreover, features of the FOD sensor-based results in Figure 8(d) are greatly different from the 
FBG-based results in Figure 6(d), which is that several extra crests Pe x are present between the 
transmitted Ao Lamb waves P2 and the right end-reflected So Lamb waves P3 in the envelopes of the 
FOD-based signals. According to the literature [24,37], when the incident wave propagates in an 
isotropic beam containing delamination, the shear horizontal (SH) guided wave, traveling in a direction 
perpendicular to the plane of particle motion, can be converted from the incident Lamb guided wave as 
a result of the interaction between transmitted Lamb waves and delamination in CFRP laminates [24], 
so as to stratifying the boundary conditions along the discontinuities. It has also been proved that FBG 
sensor has directivity in ultrasonic detection [5], which is that FBG is not sensitive to the vibration that 
is perpendicular to the optical fiber. Since the P Ex waves cannot be detected using the FBG sensors, 
particle motion should be perpendicular to the direction of wave propagation, which is the 
characteristic of SH guided wave. Moreover, the CFRP laminates in the present study can be 
considered quasi-isotropic plates [37]. Therefore, these extra crests Pe x should be the Lamb wave- 
induced fundamental shear horizontal (SH 0 ) guided waves. 

Further, there is one extra crest between the P2 and P3 wave packages for the one delamination case 
in the 'FOD-D50-1' curve in Figure 8(d) and, on the other hand, two extra crests are present in the 
'FOD-D50-2' curve for the two delaminations case. Hence, these extra crests can not only reveal the 
existence of delamination, but also disclose the number of delamination, which however cannot be 
offered by using the FBG-based results. Moreover, to verify the proposed results for multiple damage 
identification, FOD-based guided wave signals were acquired from one double-30 mm-delaminated 
CFRP laminate. Envelopes of the filtered guided wave signals of CFRP laminates with double-30 mm 
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and double-50 mm delaminations are shown in Figure 10. It is evident that two extra peaks I and II are 
present in both the envelopes of the double delaminated cases with different damage length. 

Figure 10. Envelopes of the filtered guided wave signals of CFRP laminates with double- 
30 mm and double-50 mm delaminations. 
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3.3. Discussions 

As concluded above, both FBG and FOD sensors can be used for guided wave and damage 
detection in CFRP laminates. FOD sensor excels FBG sensor in damage detection because it is 
sensitive to the delamination-induced SHo guided wave that the FBG sensor cannot detect. Based on 
the principle of ultrasonic detection using FBG in Figure 2(b), it can be concluded that FBG has 
directivity in ultrasonic detection [5]. In contrast, according to Figure 3, it is evident that FOD sensor 
is omnidirectional [22] in ultrasonic detection because of its spiral shape and therefore can detect all 
the propagating guided wave modes in the CFRP laminates. 

Moreover, signal-to-noise ratio (SNR) of acquired signal can also indicate performance of a kind of 
sensor. SNRs of guided wave signals acquired from the intact CFRP laminate using FBG and FOD 
sensors are listed in Table 2. It is clear that SNR of FBG-based original signal, 26.36, is almost half of 
that, 52.60, of FOD-based original signal, despite the fact that an extra filter was used in the FBG- 
based system (as shown in Figure 1). Further, SNR of the average of FBG-based 10 original signals is 
also much smaller than that of the FOD-based signals, and SNR of the average of FBG-based 60 
original signals is even smaller than that of the FOD-based originally acquired signal, viz. 43.68 versus 
52.60. Therefore, in comparison with the FBG sensor, the spiral FOD sensor can offer higher SNR in 
guided wave detection. 

Table 2. Signal-to-noise ratio of original and averaged guided wave signals acquired by 
different fiber optic sensors from the intact CFRP laminate. 



Fiber optic Sensor 


Signal-to-Noise Ratio (SNR) 


Original Signal 


Average of 10 
Original Signals 


Average of 60 
Original Signals 


FBG-Sensor 


26.36 


36.30 


43.68 


FOD-Sensor 


52.60 


61.72 





FOD-D50-2 
FOD-D30-2 
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Figure 11. Illustration of scanning filter fiber Bragg grating (FBG) detection technique. 
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Despite the fact that the FOD sensor exceeds the FBG sensor in omnidirectional properties and 
ability to offer higher SNR of the acquired guided wave signals, the FBG sensor also has its own 
particular advantages such as multiplexing. Wavelength division multiplexing (WDM) is one of the 
major multiplexing arrangements. For illustration, Figure 1 1 shows a wavelength division multiplexing 
(WDM) scheme, such as is used with a series of FBGs, each written at a slightly different wavelength, 
with care being taken to avoid an overlap of the wavelength of one fully perturbed sensor with the 
spectral envelope of the next. In this way, WDM-based architecture can be the basis of systems where 
multiple channels may be used to create true multi-sensor systems [38]. In contrast, so far multiplexing 
technique for FOD sensor has not yet been invented. 

4. Conclusions 

Guided wave and damage detection for carbon fiber reinforced plastic (CFRP) laminate using two 
types of fiber optic sensors, namely the fiber Bragg grating (FBG) and Doppler effect-based fiber optic 
(FOD) sensor with spiral shape, were systematically studied and analyzed in this study. Ultrasonic 
detection systems using the two different fiber optic sensors were proposed. A linear-phase finite 
impulse response (FIR) filter and Hilbert transform were used to purify the captured guided wave 
signals and extract signal features for the purpose of damage detection. The results demonstrate that 
both the FBG and FOD sensors are effective to detect the existence of delamination damages in CFRP 
laminate by using the amplitude reduction of the processed guided wave signals. Moreover, the FOD 
sensor could further capture the delamination-induced fundamental shear horizontal (SH 0 ) guided 
waves that the FBG sensor could not, which is because that the spiral FOD sensor is omnidirectional in 
ultrasonic detection and in contrast the sensitivity of FBG sensor is bonding direction dependent. 
Further, one of the major advantages of the FBG is that it can be multiplexed, which can help construct 
an FBG sensor network using a common source and detection system. However, so far a multiplexing 
technique for the FOD sensor has not yet been invented. 



Sensors 2009, 9 



4019 



Acknowledgements 

The authors are grateful for the supports received from Japan Society for the Promotion of Science 
(JSPS No. 19-07414). Fucai Li is also grateful for the support received from National Natural Science 
Foundation of China (NSFC No. 10702041). 

References and Notes 

1. Alleyne, D.N.; Cawley, P. The interaction of lamb waves with defects. IEEE T. Ultrason. 
Ferroelectr. 1992, 39, 381-397. 

2. Zhao, X.L.; Rose, J.L. Boundary element modeling for defect characterization potential in a wave 
guide. Int. J. Solids Struct. 2003, 40, 2645-2658. 

3. Rose, J.L. Ultrasonic Waves in Solid Media. Cambridge University Press: Cambridge, UK, 1999. 

4. Alleyne, D.N., Cawley, P. Long range propagation of lamb waves in chemical plant pipework. 
Mater. Eval. 1997, 55, 504-508. 

5. Takeda, N.; Okabe, Y.; Kuwahara, J.; Kojima, S.; Ogisu, T. Development of smart composite 
structures with small-diameter fiber Bragg grating sensors for damage detection: Quantitative 
evaluation of delamination length in CFRP laminates using Lamb wave sensing. Compos. Sci. 
Technol. 2005, 65, 2575-2587. 

6. Giurgiutiu, V. Tuned lamb wave excitation and detection with piezoelectric wafer active sensors 
for structural health monitoring. J. Intel. Mat. Syst. Struct. 2005, 16, 291-305. 

7. Fomitchov, P.A.; Krishnaswamy, S.; Achenbach, J.D. Extrinsic and intrinsic fiber optic Sagnac 
ultrasound sensors. Opt. Eng. 2000, 39, 1972-1984. 

8. Kim, Y.; Ha, S.; Chang, F.K. Time-domain spectral element method for built-in piezoelectric- 
actuator-induced lamb wave propagation analysis. AIAA J. 2008, 46, 591-600. 

9. Yu, L; Giurgiutiu, V. In situ 2-D piezoelectric wafer active sensors arrays for guided wave 
damage detection. Ultrasonics 2008, 48, 117-134. 

10. Lee, B.C.; Manson, G.; Staszewski, W.J. Environmental effects on lamb wave responses from 
piezoceramic sensors. Mod. Pract. Stress Vibr. Anal. 2003, 440-4, 195-202. 

11. Tsuda, H. Ultrasound and damage detection in CFRP using fiber Bragg grating sensors. Compos. 
Sci. Technol. 2006, 66, 676-683. 

12. Kageyama, K; Murayama, FL; Uzawa, K; Ohsawa, I.; Kanai, M.; Akematsu, Y.; Nagata, K; 
Ogawa, T. Doppler effect in flexible and expandable light waveguide and development of new 
fiber-optic vibration/acoustic sensor. J. Lightwave Technol. 2006, 24, 1768-1775. 

13. Alcoz, J.J.; Lee, C.E.; Taylor, H.F.; Embedded fiber-optic Fabry-Perot Ultrasound sensor. IEEE T. 

Ultrason. Ferroelectr. 1990, 37, 302-306. 

14. Dorighi, J.F.; Krishnaswamy, S.; Achenbach, J.D. Stabilization of an embedded fiber-optic Fabry- 
Perot sensor for ultrasound detection. IEEE T. Ultrason. Ferroelectr. 1995, 42, 820-824. 

15. Tsuda, H.; Lee, J.R.; Guan, Y.S.; Takatsubo, J. Investigation of fatigue crack in stainless steel 
using a mobile fiber Brago, grating ultrasonic sensor. Opt. Fiber Technol. 2007, 13, 209-214. 



Sensors 2009, 9 



4020 



16. Yashiro, S.; Okabe, T.; Takeda, N. Damage identification in a holed CFRP laminate using a 
chirped fiber Bragg grating sensor. Compos. Sci. Technol. 2007, 67, 286-295. 

17. Tsuda, H.; Lee, J.R.; Guan, Y.S. Fatigue crack propagation monitoring of stainless steel using 
fiber Bragg grating ultrasound sensors. Smart Mater. Struct. 2006, 15, 1429-1437. 

18. Betz, D.C.; Thursby, G.; Culshaw, B.; Staszewski, W.J. Advanced layout of a fiber Bragg grating 
strain gauge rosette. J. Lightwave Technol. 2006, 24, 1019-1026. 

19. Park, H.J.; Song, M.H. Linear FBG temperature sensor interrogation with fabry-perot ITU multi- 
wavelength reference. Sensors 2008, 8, 6769-6776. 

20. Betz, D.C.; Thursby, G.; Culshaw, B.; Staszewski, W.J. Acousto-ultrasonic sensing using fiber 
Bragg gratings. Smart Mater. Struct. 2003, 12, 122-128. 

21. Fomitchov P.; Krishnaswamy, S. Response of a fiber Bragg grating ultrasonic sensor. Opt. Eng. 
2003, 42, 956-963. 

22. Li, F.C.; Murayama, FL; Kageyama, K.; Shirai, T. Doppler effect-based fiber-optic sensor and its 
application in ultrasonic detection. Opt. Fiber Technol. 2009, 15, 296-303. 

23. Su, Z.Q.; Wang, X.M.; Chen, Z.P.; Ye, L.; Wang, D. A built-in active sensor network for health 
monitoring of composite structures. Smart Mater. Struct. 2006, 15, 1939-1949. 

24. Su, Z.Q.; Yang, C.H.; Pan, N.; Ye, L.; Zhou, L.M. Assessment of delamination in composite 
beams using shear horizontal (SH) wave mode. Compos. Sci. Technol. 2007, 67, 244-251. 

25. Lu, Y.; Ye, L.; Su, Z.Q. Crack identification in aluminium plates using Lamb wave signals of a 
PZT sensor network. Smart Mater. Struct. 2006, 15, 839-849. 

26. Yuan, W.C.; Zhou, L.; Yuan, F.G. Wave reflection and transmission in composite beams 
containing semi-infinite delamination. J. Sound Vib. 2008, 313, 676-695. 

27. Guo N.; Cawley, P. The interaction of Lamb waves with delaminations in composite laminates. J. 
Acoust. Soc. Am. 1993, 94, 2240-2246. 

28. Sekhar, A.S. Multiple cracks effects and identification. Mech. Syst. Signal Pr. 2008, 22, 845-878. 

29. Lin X.; Yuan, F.G. Detection of multiple damages by prestack reverse-time migration. AIAA J. 
2001, 39, 2206-2215. 

30. Gangadharan, R.; Mahapatra, D.R.; Gopalakrishnan, S.; Murthy, C.R.L.; Bhat, M.R. On the 
sensitivity of elastic waves due to structural damages: Time-frequency based indexing method. J. 
Sound Vib. 2009, 320, 915-941. 

31. Yu, L.Y.; Giurgiutiu, V. In-situ optimized PWAS phased arrays for lamb wave structural health 
monitoring. J. Mech. Mater. Struct. 2007, 2, 459-487. 

32. Lu, Y.; Ye, L.; Su, Z.Q.; Yang, C.H. Quantitative assessment of through-thickness crack size 
based on Lamb wave scattering in aluminium plates. NDT E Int. 2008, 41, 59-68. 

33. Mathworks. Wavelet Toolbox: for Use with Matlab (User's Guide). Mathworks Inc.: Sherborn, 
MA, USA, 2008. 

34. Feldman, M. Theoretical analysis and comparison of the Hilbert transform decomposition 
methods. Mech. Syst. Signal Pr. 2008, 22, 509-519. 

35. Kessler, S.S.; Spearing, S.M.; Soutis, C. Damage detection in composite materials using Lamb 
wave methods. Smart Mater. Struct. 2002, 11, 269-278. 



Sensors 2009, 9 



4021 



36. Voyiadjis, G.Z.; Kattan, P.I. Mech. Compos. Mater. MATLAB. Springer: Dordrecht, 
The Netherlands, 2005. 

37. Wang, L.; Yuan, F.G. Group velocity and characteristic wave curves of Lamb waves in 
composites: Modeling and experiments. Compos. Sci. Technol. 2007, 67, 1370-1384. 

38. Grattan, K.T.V.; Sun, T. Fiber optic sensor technology: introduction and overview. In Optical 
Fiber Sensor Technology-Fundamentals, Grattan, K.T.V., Meggitt, B.T., Eds.; Kluwer Academic 
Publishers: Dordrecht, The Netherlands, 2000; pp. 1-44. 

© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. 
This article is an open-access article distributed under the terms and conditions of the Creative 
Commons Attribution license (http://creativecommons.Org/licenses/by/3.0/). 



